[1] This paper presents a model to predict optimum vegetation characteristics in water stressed conditions. Starting point is the principle of homeostasis of water flow through the soil-vegetation-atmosphere continuum. Combining this with a biochemical model for photosynthesis, a relationship between photosynthetic capacity, stomatal regulation, and hydraulic properties of the vegetation is derived. Optimum photosynthetic capacity and internal carbon dioxide concentration are calculated using the assumption that growth is maximized. This optimality hypothesis is applied for three scenarios which are increasingly realistic. Optimum parameters reflect a strategy to deal with two tradeoffs: the trade-off between fast growth and avoidance of drought and between a high photosynthetic capacity and avoidance of high respiration losses. The theory predicts general boundary conditions for growth but does not consider effects of competition between species, fires, pest, and diseases or other limitations that occur locally. In a companion paper the theory is evaluated using a data set collected in sub-Mediterranean vegetation.
Introduction
[2] Most climate models today calculate photosynthesis and the carbon balance beside the water and energy balance [Sellers et al., 1997] . The current interest of climatologists in photosynthesis has two reasons. First, the insight has grown that carbon dioxide plays an important role in the climate system [Schimel, 1995] , and second, studies of the physiology of plants have led to the understanding that the processes of photosynthesis and transpiration are so closely connected that the fluxes of water and energy can really only be understood by also describing photosynthesis [Jones, 1998] .
[3] The biochemical processes involved in photosynthesis, transpiration and growth at organelle to canopy scale are now reasonably well understood, at least at the level of detail relevant for climate modelers (among others, Tuzet et al. [2003] ). Coupling of the biochemical and surface exchange processes in physically based models makes it possible to predict changes of the Earth surface cover as a result of climate change, or, conversely, changes in climate as a result of surface cover changes [Kabat et al., 2004] .
[4] Despite the increased process knowledge, two important almost classic questions concerning spatial modelling of surface exchange processes have remained: how to apply process understanding at the desired spatial and temporal scale and how to attribute values to the biochemical parameters of the surface that are highly variable both in space and time [Baldocchi et al., 2002] .
[5] An approach to deal with these questions has been to order the vegetation on earth into so called plant functional types (PFTs). The concept is attractive and has been applied in large models, which successfully reproduced spatial patterns of ecosystems [Smith et al., 1997; Kucharik et al., 2000] . A limitation of such models is that parameters of functional types have fixed, a priori values. The concept is therefore not suitable to explain why PFTs exist and how the differences among them have evolved.
[6] This paper addresses the question of parameter estimation. A method is presented to predict biochemical parameters from climatic constraints only. This enables us to say something about ranges of credible parameter values in a specific climate. Approaches to predict biochemical parameters from climatic constraints which have been developed earlier are used as a starting point.
[7] One approach to predict biochemical parameters is to use the principle of homeostasis of water flow through the soil-vegetation-atmosphere continuum. From the idea that xylem embolism must be avoided, allocation between root and shoot can be derived [Magnani et al., 2000; Sperry et al., 2002; Mencuccini, 2003] . Using the same principle, Katul et al. [2003] derived a relationship between photosynthetic capacity and hydraulic properties of the vegetation. This relationship is also used in this study.
[8] Another approach to predict biochemical parameters is to consider trade-offs in terms of cost and benefit [Smith and Huston, 1989] . Rodriguez-Iturbe et al. [2001] evaluated two coexisting strategies: shallow-rooted vegetation which transpires intermittent rain quickly versus deep-rooted vegetation with a more steady transpiration rate. Later, modelled the water balance and soil moisture content as a function of a Poisson distributed rainfall, soil, and vegetation characteristics. Daly et al. [2004a Daly et al. [ , 2004b used a similar concept to model growth as a function of intermittent precipitation. In their model, an expression for the integrated water stress over the growing season is used. Photosynthetic capacity is still a fixed parameter.
[9] In this paper, we study whether we can estimate biochemical parameters for dry conditions, in which a limited amount of water is available for transpiration. The hypothesis is used that this limited amount of water is used in such a way that net photosynthesis of the canopy is maximized.
[10] Two biochemical parameters are predicted: photosynthetic capacity and internal carbon dioxide concentration. We will argue that the values of these two parameters represent a strategy. The value of photosynthetic capacity can be seen as the result of a trade-off between a high rate of photosynthesis (high photosynthetic capacity) and a low risk of water stress (low photosynthetic capacity). The value of internal carbon dioxide concentration can be seen as reflecting a strategy to minimize photorespiration.
[11] First, a general model is presented which includes transport of water from the soil via the vegetation to the air, transport of carbon dioxide from air to mesophyll, and photosynthesis (section 2). Next, photosynthetic capacity, internal carbon dioxide concentration, and the seasonal cycle of photosynthesis and transpiration are calculated using the hypothesis that net photosynthesis during a growing season is maximized (from now on referred to as ''optimality hypothesis''). This idea is applied to three scenarios, with increasing level of realism. In the first scenario (section 3) both environmental conditions and vegetation characteristics are constants. Maximum net photosynthesis and the biochemical properties are calculated for a prescribed, constant transpiration rate and constant humidity. In the second scenario (section 4), soil moisture content is modelled as a function of time. The vegetation interacts with a soil water reservoir which is not recharged. For a prescribed length of a dry period and initial soil moisture content, the seasonal cycle of transpiration and photosynthesis for which growth is maximized are calculated. In the third scenario (section 5), the initial size of the soil water reservoir is a stochastic variable. We will demonstrate that maximum growth is then reached when moderate water stress is tolerated but severe stress avoided.
[12] This paper focuses on how a canopy can most effectively transpire available water during a growing season in order to reach the highest rates of net photosynthesis. In an earlier study this approach resulted in a realistic evolution of stomatal regulation during a dry period [Makela et al., 1996] . We now extend the approach to also model photosynthetic capacity.
[13] The model cannot explain other vegetation structure parameters because of three main limitations. First, it focuses on transpiration and uses the amount of water available for transpiration as input. Soil evaporation, evaporation of intercepted water, drainage, and surface runoff are not considered. Second, in the study the canopy is defined as the joint effect of all leaves together. The theory is not a classic ecological approach, since we do not use individuals as primary units and we do not model competition. The optimality hypothesis is applied to the level of a canopy. It is a physiological optimality hypothesis rather than an ecological optimality hypothesis. Third, the hypothesis of maximum growth has been disputed [Kerkhoff et al., 2004] . Other hypothesis, such as avoidance of drought stress, may be equally valid. In this paper, drought stress is taken into account insofar as drought stress causes stomatal closure and negative net growth. Direct effects of drought stress such as wilting, heating of the canopy and salt stress are not x stress response function modeled explicitly. In a companion paper [van der Tol et al., 2008] the theory is evaluated using field measurements in a sub-Mediterranean climate.
Coupling Carbon and Water Transport
[14] In this section, the principle of homeostasis of water transport through soil, vegetation, and atmosphere is combined with a photosynthesis model to derive the relation between biochemical parameters and environmental boundary conditions.
[15] Water flows from a relatively high water potential in the soil through the plant to a relatively low water potential in the leaf [Dixon and Joly, 1894; Huber, 1928] . The water potential in the leaf is in equilibrium with the partial vapor pressure in the stomata, which is generally higher than the partial vapor pressure in the ambient air. Consequently, water vapor is lost by diffusion to the air. Carbon dioxide diffuses from a relatively high partial pressure in the air to a relatively low partial pressure in the mesophyll. Both water flow and gas diffusion in the soil-plant-atmosphere system, although they are different processes, are usually described in analogy to Ohm's law:
where F is a flux, g is a conductance, and Table 1 .
[16] Figure 1 shows schematically the path of water for two scenarios (scenarios a and b) of water potential in soil, y s , and air humidity, e a . In Figure 1 , the path of water is simplified into two steps: conduction from soil to leaf in the liquid phase and diffusion from leaf to the air in the gas phase. The step from soil to leaf includes the hydraulic resistances of roots, stems, and leaves, and the step from leaf to air includes the stomatal and aerodynamic resistance. The two steps are linked via the partial vapor pressure in the intercellular space e i , which is in equilibrium with leaf water potential. In practice, leaf water potential is always such that e i is near the saturated vapor pressure at leaf temperature, and thus, the effect of leaf water potential on e i is negligible in the natural range of leaf water potential values [Milly, 1991] .
[17] Had the conductances in the vegetation been constant, then leaf water potential would vary proportionally with soil water potential and atmospheric vapor pressure. However, vegetation actively adjusts conductances to keep water potentials within certain limits, in order to avoid the expansion of vacuum in xylem vessels, so-called embolism or cavitation [Magnani et al., 2000; Meinzer et al., 2001; Mencuccini, 2003] . There is evidence that for this reason conductances are adjusted such that during a growing season, relatively constant values for predawn leaf water potential result, despite order of magnitude differences in soil water potential and vapor pressure [Zhang and Davies, 1989; Khalil and Grace, 1992; Whitehead et al., 1996] . The mechanism behind this phenomenon is that abscisic acid (ABA) produced by the roots in drying soil and transported to leaves reduces stomatal aperture [Zhang et al., 1987] . The relatively constant leaf water potential holds only for predawn conditions. During the day leaf water potential decreases as a consequence of the time lag between root water uptake and transpiration and consequently changes in leaf water content [Schulze et al., 1985; Sperry et al., 2002] . To maintain constant leaf water potential on a seasonal timescale, the hydraulic and surface conductance should take values that are inversely proportional to the difference in potential between soil and leaf, and the difference between partial vapor pressure between leaf and air, respectively. If both soil water potential and partial vapor pressure are low (as in scenario a in Figure 1 ), the hydraulic conductance is high compared to the surface conductance. The opposite holds if both soil and air potential are high (as in scenario b).
[18] Wong et al.
[1979] discovered a close relationship between photosynthesis rate and stomatal conductance under conditions of ample soil moisture and constant humidity deficit, resulting in a rather constant value of C i of about 70 Figure 1 . Schematic representation of gravity corrected water potentials in soil (y s ) and leaves (y l ) and partial vapor pressure in leaves (e i ) and air (e a ) and corresponding resistances r h and r s and conductances g and K for two different environmental conditions. Constant y l is assumed. Potentials decrease towards the top of the figure. In scenario a, soil water potential and atmospheric vapor pressure are low (dry conditions). Hydraulic resistance has to be low compared to stomatal resistance. In scenario b, soil water potential and atmospheric vapor pressure are high (wet, humid conditions). Hydraulic resistance has to be high compared to stomatal resistance. percent of the ambient concentration C a for vegetation of the C3 photosynthetic pathway. The fact that both leaf water potential and internal carbon dioxide concentration are relatively constants suggests active regulation of the two conductances. Vegetation can adjust the two conductances in a number of ways, operating at different timescales.
[19] The hydraulic conductance can be adjusted by changing the root surface and sapwood area and vessel structure on the long term [Magnani et al., 2000] and by embolism and repair after embolism on the short term [Parsons and Kramer, 1974; Meinzer, 2002; Clarkson et al., 2000] . The stomatal conductance can be adjusted by changing the number of stomata, the stomatal pore length and the guard cell width on the long term [Franks et al., 1998; Hetherington and Woodward, 2003] and by opening or closing stomata in response to quick changes of photosynthesis rate and humidity deficit on the short term (among others, Meidner and Mansfield [1968] ).
[20] Distinguishing timescales is important. In this paper, three timescales are distinguished: (1) a short timescale (diurnal cycle) at which leaf water potential is flexible but most biochemical properties can be considered constant, (2) an intermediate timescale at which leaf water potential is maintained above the point of embolism and photosynthetic capacity and internal carbon dioxide concentration change but the architecture, biomass, and species composition remain constant (seasonal cycle), and (3) a long timescale at which all vegetation characteristics are flexible (multiple years or decades).
[21] Cowan [1977] and Cowan and Farquhar [1977] assumed that at the shortest timescale, stomatal regulation operates such that net photosynthesis is maximized for a particular amount of transpiration. This concept produces realistic diurnal cycles of fluxes of carbon dioxide and water [Makela et al., 1996; Arneth et al., 2002; Van der Tol et al., 2007] but does not explain why parameters take certain values. This paper focuses on the intermediate and long timescales, in order to explain the most important parameters. This is the timescale at which leaves, roots, and sapwood are formed and nutrients are allocated.
[22] If water fluxes in the liquid phase from soil to leaf and in the vapour phase from stomata to air are equal, then transpiration rate E is
where D = ), e i and e a the vapor pressure in the intercellular spaces and in the ambient air (Pa), respectively, p atmospheric pressure (Pa), r a specific mass of air (kg m
À3
) and M a the molar mass of air (kg mol À1 ), and 1.6 the ratio of molecular diffusivity of water to that of carbon dioxide. The conductance for carbon dioxide is used rather than that of water to make a direct comparison with the carbon dioxide flux possible. Rearranging equation (2) [Hubbard et al., 2001] :
Parameter g also appears in the diffusion equation of carbon dioxide. Transport of carbon A on the trajectory between stomata and the air relates to the conductance g in the following way:
Photosynthesis of C3 plants is described with the model of Farquhar et al. [1980] . Photosynthesis is either light or enzyme limited. For both conditions, the relationship between carbon dioxide concentration and photosynthesis is hyperbolic. Photosynthesis of C4 plants is described with the model of Collatz et al. [1992] . The two photosynthesis models are scaled from leaf to canopy level using the method described in Appendix A. Although the equations for C3 and C4 photosynthesis are different, they can at canopy level be described with the same equation, albeit using different parameter values. By scaling, the contributions of light and enzyme limited leaves are added. The resulting, effective relationship for the canopy as a whole is
where n is an (irradiance dependent) photosynthetic capacity (mol m À2 s
À1
), g is a shape factor (mol m
À3
), G* is the carbon dioxide compensation point for photorespiration (mol m À3 ), and R dd is daytime dark respiration (mol m À2 s
À1
). Parameter G* is zero for C4 plants. Parameter n represents photosynthetic capacity integrated over the canopy and accounts for light limited leaves as well as light saturated leaves. The value of n correlates positively with leaf nitrogen content [Field and Mooney, 1986 , and references therein] and leaf area index [Reich et al., 1999] . Owing to shadowing effects, n at canopy scale cannot grow unlimited: an increase in leaf area index reduces the light interception by the lowest leaves and so does an increase in n at leaf level, which requires thicker leaves. Consequently, the value of n can be limited by light. Dark respiration includes carbon dioxide produced by maintenance and growth processes which leaves the canopy via the stomata. Ryan [1991] suggested to express dark respiration as a function of leaf nitrogen content. This concept was also applied by Amthor [1994] , and indeed, Reich et al. [1998] found that dark respiration increases with both leaf nitrogen and specific leaf area for different functional groups in different biomes. This makes it reasonable to assume that dark respiration is proportional to photosynthetic capacity, that represents a true loss of carbon dioxide:
where m d is a dimensionless maintenance coefficient. Using this in equation (5):
[23] Equation (4) describes the transport of carbon dioxide into the stomata, and equation (7) describes the consumption of carbon dioxide by photosynthesis. Examples of transport and photosynthesis calculated with these equations as a function of internal carbon dioxide concentration are shown in Figure 2 . Transport decreases and photosynthesis increases with increasing internal carbon dioxide concentration. At the intersection of the two curves, carbon dioxide concentration is in equilibrium. A higher photosynthetic capacity results in a lower equilibrium internal carbon dioxide concentration, and higher net assimilation (Figure 2) .
[24] The relation between C i and n can be found by combining equations (4) and (7):
A similar expression, albeit excluding dark respiration, was derived by Katul et al. [2003] .
[25] One remark can be made with this equation is that parameter C i should be the actual, instantaneous value of internal carbon dioxide concentration. In the next sections we will use effective, long term values for C i . One can see from equation (9) that the mean of c is not necessarily the same as c of the mean C i .
[26] It is now important to focus on respiration. From Figure 2 one could conclude that the highest net assimilation rate is reached if n approaches infinity. In reality, this does not occur for two reasons. First, photosynthetic capacity is limited by resources such as light and nutrients, and second, a higher photosynthetic capacity requires proportionally higher investment and maintenance costs. Our model does not account for this because by using net assimilation of leaves in the transport equation (equation (4)), other respiration terms are excluded and it is implicitly assumed that all respired carbon dioxide is recycled within the vegetation and directly available for carboxylation. This may be true for respiration in leaves during the day but not in nongreen tissue and not during the night. It is likely that part of the respired carbon dioxide is recycled and part is not [Lloyd and Farquhar, 1996] . It is assumed that an additional, nonrecycled, autotrophic respiration exists (night respiration and respiration of nongreen tissue), R dn , proportional to photosynthetic capacity n:
[27] Growth G is assimilation minus nighttime respiration:
where m n is a nighttime canopy respiration coefficient. Parameter m n is a coarse term for the trade-off between daytime growth and nighttime maintenance of the photosynthetic apparatus and maintenance of roots and stems. A higher photosynthetic capacity leads to both higher assimilation rates and higher respiration costs. It is the question which respiration components m n should include. If growth of leaves only is considered, then leaf respiration should be included. If growth of whole individuals is considered, then respiration of all tissues should be included, of which leaf respiration is only a minor term. The principle remains the same in both cases, but the interpretation of m n and G is different. This simplification has been used before by Amthor [1994] , and Cannell and argue that on theoretical grounds, maintenance respiration is indeed closely related to tissue nitrogen content. Later, in the evaluation [van der Tol et al., 2008] , only growth of leaves is considered. For practical applications, allocation rules and parameters to include different respiration terms separately are needed in addition .
[28] We have now an expression for growth G. Conductance parameter g forms the connection with the transport of water. By combining equations (3), (8), and (11) and eliminating g:
In the next section, equation (12) is used to calculate optimum parameters.
Optimum Biochemical Properties for Stationary Conditions
[29] In this section, optimum photosynthetic capacity and internal carbon dioxide concentration are calculated for a fixed g. In other words, the ratio E/(1.6D) in equation (12) is prescribed. This implies the assumption that both D and E are climatic constraints. Transpiration E is then assumed to be limited by water availability.
[30] It is easier to use C i instead of n as an independent variable. Figure 3 shows C a À C i and m n c as a function of C i for a given g. Equation (11) says that the net growth is the difference between these two functions. Figure 3 shows that the difference reaches a maximum for the C i where the tangent to m n c(C i ) has the same slope as C a À C i .
[31] The internal carbon dioxide concentration for which growth is maximized is found by solving:
Solving equation (11) for C i , while keeping g constant (i.e., constant y s , y l , D and K), yields a quadratic equation, the Figure 2 . Net photosynthesis A for photosynthetic capacity n = 75 mmol m À2 s À1 (low n) and n = 125 mmol m À2 s À1 (high n), and transport of carbon dioxide by diffusion into the stomata, both scaled with gC a , versus C i /C a , using m n = m d = 0.07. At the intersection, transport and consumption of carbon dioxide by photosynthesis are in equilibrium. Equilibrium concentration of carbon dioxide is negatively correlated with photosynthetic capacity n.
positive solution of which is the optimal internal carbon dioxide concentration C iopt at which growth is maximized:
where
Now optimum photosynthetic capacity is calculated with equation (8).
[32] Optimum internal carbon dioxide concentration depends on the respiration terms (photorespiration and dark respiration during the day and night) but not on conductance g, whereas optimum photosynthetic capacity is proportional to g. For common values of the parameters for C3 vegetation (C a = 360 ppm, G* = 30 ppm, g = 700 ppm, m d = m n = 0.04 to 0.12), optimal C i /C a is between 0.5 and 0.8, and for C4 vegetation (C a = 360 ppm, G* = 0 ppm, g = 55 ppm, m d = m n = 0.15 to 0.30 [Collatz et al., 1992; Sellers et al., 1996] , optimal C i /C a is between 0.25 and 0.5. These values are in the range of literature values [Lloyd and Farquhar, 1994] . The choice of the values for parameters m d and m n for C3 vegetation is discussed in the work of van der Tol et al. [2008] .
[33] Figure 4 shows the dependence of optimal C i on temperature and ambient oxygen concentration, calculated with equation (14), in which G* and g for enzyme limited photosynthesis are calculated as functions of temperature and oxygen concentration according to Farquhar et al. [1980] . The values for C i are slightly lower than most literature values [Lloyd and Farquhar, 1994] . This may be explained by the fact that only stationary conditions are considered here. It is shown later that the optimum values of C i in nonstationary conditions are higher and more realistic. The dependence of C iopt on temperature and oxygen concentration qualitatively agrees with observations of Korner et al. [1991] , who found that variations in internal carbon dioxide concentration along gradients of altitude and latitude could be explained from variations in temperature and atmospheric pressure. They found that C i increases while moving from high altitude at low latitude to low altitude at high latitude (from low to high pressure at constant temperature), and while moving from a high to a low latitude at constant altitude (from low to high temperature). Similarly, Sparks and Ehleringer [1997] observed an increase in C i while moving from high to low altitude (from low temperature and low pressure to high temperature and high pressure). Farquhar and Wong [1984] observed an increase in C i /C a with increasing oxygen concentration at constant ambient carbon dioxide concentration.
[34] Hitherto stationary conditions have been considered, in which g is known. In that case, C i is independent of g, and n is a linear function of g. A constant g is not realistic, and for that reason, g is modelled as a function of soil moisture content in the next section.
Optimum Biochemical Properties During a Dry Season
[35] Soil water potential and humidity have seasonal cycles and interannual and random fluctuations. In this section, the seasonal cycle of transpiration is modelled as a function of soil moisture content. Now, not only optimum photosynthetic capacity and internal carbon dioxide concentration but also the optimum seasonal cycle of transpiration is calculated. A simple differential equation for a soil reservoir is introduced. It is assumed that the dry period is long enough to affect the biochemical processes in the vegetation but too short for the vegetation to change biomass and respiration (intermediate timescale). Factors that can influence medium timescale biochemical processes are soil water potential, temperature, and radiation during a season.
[36] During a dry season, soil water potential may easily vary over two orders of magnitude. Various ways exist in which vegetation handles conditions of drought, often classified as measures of avoidance and tolerance. Here, we only calculate the optimum strategy, without going into details of how they physiologically work. Transpiration and surface conductance in water limited conditions, for constant vapour pressure deficit, are written as:
where E 0 and g 0 are the transpiration rate and surface conductance in unstressed conditions, and x a stress response function, defined as:
where K 0 , y s0 and y l0 are hydraulic conductivity, soil and leaf potential in unstressed conditions. In equation (15) it is implicitly assumed that vapor pressure deficit is constant during the season. Unlike soil moisture content, the evolution of vapor pressure deficit is not modelled because it depends on many (regional) factors which cannot be Figure 3 . Finding the optimum C i : the straight line, C a À C i , is proportional to cumulative gross carbon uptake, and the curved line, m n c, to maintenance respiration. The maximum net carbon uptake occurs were the difference between the lines is the largest. This is the case where the derivatives of the lines equal.
included in a simple model. Consequently, parameter D represents the effect of atmospheric demand integrated over the season. Possible effects of this simplification are discussed in the last section. In the evaluation of the model, measured vapor pressure deficit is used, and thus any feedback between transpiration and vapor pressure deficit is already included in the model input.
[37] Equation (16) is rather impractical for climate models because the functions K(y s ) and y l (y s ) are usually not known. In this study it is replaced with an empirical equation, in which x is a function of soil moisture content or soil water storage. The empirical expression for x as a function of soil moisture content q is
where q r and q f are the soil moisture content at wilting point and at the point below which transpiration is reduced, respectively, and a an empirical, species and soil dependent shape factor. This parameterization is often used in the literature, with the linearity assumption: a = 1 [e.g., Albertson and Kiely, 2001; Daly et al., 2004a Daly et al., , 2004b . Since the linearity assumption is sometimes empirically found to predict a too low x, we consider in this section a more general expression with a unfixed.
[38] The soil moisture content is replaced by amounts of available soil water s in excess of the amount of water at wilting point (mol m À2 , but this can easily be converted into the more conventional unit of millimeters, using molecular weight and density of water):
where s = sÀs r s f Às r , s f is the amount of water in the soil below which water stress starts and s r the amount of water in the root zone at wilting point.
[39] The corresponding evolution of s(t) during a long dry period is as follows. Since there is no recharge,
where t is time. Initially, transpiration is unstressed as sufficient water is available. The available amount is s 0 (mol m
À2
, or millimeters) is the amount of water in the root zone. At time t = t f , water stress starts. Time t f is the time at which soil water storage s reaches s f :
After t f , transpiration is reduced, and then the evolution of s can be calculated by using equation (18) in equation (19):
The solution of this differential equation (with initial condition s(t f ) = 1) is
The evolution of the stress response function is x(t) = s(t)
a .
E(t) and g(t) can be calculated with equation (15).
[40] Now we turn to the consequent effect of water stress on the biochemical parameters n and C i . By combining with equation (8):
where n 0 and c 0 are values for n and c in unstressed conditions. Thus, in case of water stress (x < 1), the parameters for photosynthesis are forced to change: either photosynthetic capacity n or internal carbon dioxide concentration C i decreases. The two options are two fundamentally different mechanisms: decreasing photosynthetic capacity implies an inhibition of metabolism [Keck and Boyer, 1974; Younis et al., 1979; Gimenez et al., 1992; Wilson et al., 2000] , whereas decreasing internal carbon dioxide concentration implies only a reduction of diffusion of carbon dioxide into the stomata as a result of partial stomatal closure [Brestic et al., 1994; Quick et al., 1992; Damesin et al., 1998 ]. Most evidence points towards an inhibition of metabolism caused by a decrease of Rubisco regeneration [Gimenez et al., 1992; Gunasekera and Berkowitz, 1993] , Rubisco activity [Castrillo and Calcagno, 1989; Medrano et al., 1997] or ATP synthesis [Tezara et al., 1999] . Medrano et al. [2002] gave evidence that the stomatal mechanism prevails during moderate water stress and the inhibition of metabolism during severe water stress. Experimental data presented in the companion paper also promote the idea that the reduction of photosynthesis during a season is mainly related to the inhibition of metabolism. In this study, it is assumed that on a seasonal timescale, photosynthetic capacity responses to drought, while C i remains constant. As a consequence, equation (4) becomes
with (C a À C i ) time-independent.
[41] The question is now to find the unstressed photosynthetic capacity n 0 and c 0 (or C i ) for which growth is maximized. It can intuitively be expected that the longer the expected duration of the dry period, the lower the initially unstressed transpiration rate in order to save water in anticipation of a long dry period. Makela et al. [1996] used a model for optimal stomatal control during dry periods of stochastic duration, and the assumption that vegetation aims to maximize cumulative growth. They indeed found that the initial transpiration rate decreases with the expected duration of the dry period. The approach followed here is different because both photosynthetic capacity and internal carbon dioxide concentration are optimized, whereas in their model, photosynthetic capacity had a fixed a priori value, and only stomatal regulation was optimized.
[42] The seasonal cycles of surface conductance, transpiration and assimilation as functions of photosynthetic capacity and internal carbon dioxide concentration, have been derived above. Next, the cumulative net carbon gain during the season is calculated. The optimum conditions are those for which cumulative carbon gain is maximized with respect to photosynthetic capacity and internal carbon dioxide concentration.
[43] The total cumulative growth or carbon fixation during such a season Q is found by integrating carbon yield over the season. It is assumed that internal carbon dioxide concentration and nonrecycled respiration remain constant during the season, and respiration is proportional to the photosynthetic capacity in unstressed conditions n 0 . Evidence for the assumption of a constant rate of nonrecycled respiration is presented in the work of van der Tol et al. [2008] . Using these assumptions:
Using the fact that
yields for the integral after t f :
[44] Let us now illustrate this. Figure 5 shows A(t) and R dn . Their time integrals Q A and Q Rdn are the areas below Figure 5 . Evolution of the assimilation A and nonrecycled respiration R dn before and after water stress. Water stress starts at t f , while t e is the assumed end of the drought period (thereafter A is virtual, but the tail plays a role in the theory). The dashed lines correspond to a higher unstressed conductance than the solid lines.
the respective curves, to the left of t = t e . The amount of water uptake is proportional to the area below A(t) because of equations (24) and (2), and because D and C i were kept constant. Figure 5 shows what happens when g 0 is increased. The initial A(t) is proportional to g 0 , but t f falls since the area below the straight part of A corresponds to a water uptake which is fixed at s 0 À s f . After stress has begun, A(t) drops faster for larger g 0 . The entire area below A(t) from t = 0 to infinity corresponds to the uptake of all the available water, s 0 À s r , and remains constant while g 0 varies. This is the limit value for Q A ; the actual Q A is this value minus the area of the tail after t = t e . The tail corresponds to water uptake (s f À s r ) s(t e ). So the total Q is
Optimizing equation (28) with respect to g 0 , while keeping C i and t e constant, leads to:
In the derivation of equation (29) it has been used that Q A,limit is constant, that ds/dg 0 = À1.6 Dt e s a /(s f À s r ) for t = t e , and that x = s a for t e > t f . From equation (29) follows that x(t e ) = 1/r in which
is the ratio of assimilation to nonrecycled respiration. This implies that the optimum A(t) has the property A(t e ) = A 0 /r = R dn as illustrated in Figure 5 . The optimum solution for g 0 is found by solving g 0 from s(t e ) a = 1/r, and is
from which the optimum initial transpiration E 0opt , photosynthetic capacity n 0opt and assimilation rate A 0opt can be calculated easily:
[45] We have now derived an optimum shape of the seasonal cycle of transpiration for a not recharged reservoir of soil water. Like in the stationary case, optimum photosynthetic capacity is proportional to g in unstressed conditions, but now g decreases with time as drought progresses.
[46] Figure 5 clearly illustrates the dilemma: if the initial photosynthesis rate is high, then a large portion of available water is transpired, and gross photosynthesis is high. However, a high initial photosynthesis rate also implies a stronger reduction of photosynthesis by stress later during the season and relatively high respiration losses.
[47] The decline of transpiration as a result of drought is described by the term x(t). The optimum shape of x(t) is a function of internal carbon dioxide concentration, the duration of the dry period and respiration. This is best illustrated in the special case in which water stress occurs already at the start of the growing season (s 0 = s f ) and transpiration is linearly proportional to the amount of available water (a = 1). Then:
This equation shows that the tail of the transpiration curve during the dry season depends on two parameters: the duration of the dry period t e and the ratio of assimilation to nonrecycled respiration r. The effect of 1/ln r on the shape of x is equivalent to the effect of t e . The ratio r increases with increasing C i (r is the right-hand side of equation (7) but with ''n'' replaced with ''1/m n '') because at a higher C i , the photosynthetic capacity is used more efficiently. A high C i is brought about by fixing n 0 /g 0 at a low value. On the other hand, a lower C i (higher n 0 /g 0 ) has a similar effect on x as a longer duration of the dry period t e . Both correspond to a more conservative use of water.
[48] Thus the model predicts that vegetation with a high internal carbon dioxide concentration has a higher transpiration rate in unstressed conditions but is more sensitive to drought than vegetation with a low internal carbon dioxide concentration. This prediction agrees with observations by Ehleringer [1993] , who found that vegetation with a high C i grows faster than vegetation with a low C i when stress is removed, while vegetation with a low C i is more resistant to drought.
[49] The optimal internal carbon dioxide concentration C i can be calculated by solving:
while using the derived expression for n 0 = n 0opt . An analytical solution of equation (34) is rather complicated. The optimum C i is higher than in the stationary case in which no water stress occurs. The reason lays in the assumption that assimilation decreases in case of stress, but respiration does not. In order to avoid relatively large respiration losses, C i should be higher. This point can also be illustrated as follows. As A(t) = g 0 x(t)(C a À C i ), we can rewrite the accumulated net growth as:
in which x av is the time average of the stress response function x(t) from t = 0 to t = t e . Treating for simplicity g 0 as a constant (instead of n 0 ), we see that this is maximized if the expression between the square brackets is maximized. In the previous section this problem was solved for no drought (x av = 1). For x av < 1 it can again be solved graphically using Figure 3 , but now we should multiply the line (C a À C i ) with shrinking factor x av . One sees that the difference between the new curves is maximal for a C i,opt which is larger than the old (unstressed) one, and the more as average stress x av drops farther below 1. Figure 6 illustrates the dependence of C i opt on x av . The increase of C i requires of course a decrease of n 0 /g 0 .
[50] The above set of equations provides optimum photosynthetic capacity, internal carbon dioxide concentration and transpiration in conditions of drought. Optimum C i can be calculated by solving equation (34) numerically. One remarkable feature is, that the lower the value for s f Às r s 0 Às r , the lower optimum C i . This would mean that the higher the availability of water s 0 (at constant s f ), the lower the optimum C i . This is contrary to some studies, which show a positive relation between water availability and C i [Meinzer et al., 1992] . In the next section, the optimality hypothesis will be discussed and alternatives presented, which explains why this contradiction occurs. Another interpretation is that the lower the value for s f at constant s 0 (i.e., water stress starts at a lower soil moisture content), the lower the optimum C i , which implies that drought resistant vegetation has a lower optimum C i .
Biochemical Properties in a Variable Climate
[51] This section addresses the issue of the stochastic nature of environmental conditions and the assumption that vegetation characteristics are such that growth is maximized. It was previously assumed that for a dry season, photosynthetic capacity and internal carbon dioxide concentration can be chosen freely. In reality, conditions during a single season may be too short for the vegetation to adapt to. The vegetation carries a memory of the climate of previous seasons. The weather conditions during these seasons are of a stochastic nature. A way to deal with this stochastic nature of climate variables is by considering expected growth rates and chances of survival. Expected carbon fixationQ can be calculated as:
where p(t) is the probability density function of an environmental variable, such as the duration of a dry period or the amount of available water and the integration runs over the domain of all possible values. It is possible to produce a map of expected carbon fixationQ for any combination of photosynthetic capacity and internal carbon dioxide concentration for some climate. Figure 7 shows such a map, for (left) simulations ofQ for many combinations of n 0 and C i and (right) the probability of negative carbon fixation for stochastic water availability. The probability of negative carbon fixation is a measure for the risk of the vegetation: negative growth over a season may cause mortality (note that we speak here of carbon gain at canopy level; the situation for individuals may be different). In the simulations, water availability had a lognormal distribution with mean of the logarithmic of s 0 À s r of log(250 mm) and standard deviation of log(400/200), and Q was calculated by numerical integration over the probability density function (equation (36)). It was further Figure 7 . Expected seasonal cumulative carbon fixationQ (moles of CO 2 per m 2 per growing season) for (left) pairs of n 0 and C i /C a (C a = 360 ppm) and (right) the corresponding probability of a negative Q, for a dry season of 100 d with a variable initial soil water storage. A log-normal distribution was used for water availability with log(mean(s 0 À s r )) = log(250) and a standard deviation of log(400/200), m d = m n = 0.05, and s f À s r = 150 mm. The bold solid line gives for any n 0 , the corresponding C i for which growth is maximized (i.e., The dashed line gives for any value of C i , the value of n 0 for which growth is maximized. Likewise, the solid line gives for any value of n 0 , the value of C i for which growth is maximized. The optimum combination of carbon dioxide concentration is that at the intersection of the two lines.
[52] Vegetation characteristics are affected by metabolic processes, competition, mortality, and succession, limitation by various resources, pests, and diseases, and carry a history of previous events. It is assumed that the outcome of all these processes are vegetation characteristics that result in maximum growth but without any proof that this is indeed the case. As an alternative, let us consider a simple growth model, in which parameter n 0 cannot be chosen freely but is a function of cumulative growth over the previous years. Assume that a bare field gets overgrown with vegetation. Initially, leaf area index is low, resulting in a low canopy photosynthetic capacity n 0 (although photosynthetic capacity at leaf scale may be higher than for mature vegetation). Each year, biomass is incremented with a value proportional to carbon fixation Q of the previous year. If it is assumed that leaf area index increases proportionally, then n 0 develops from a low to a high value. Consequently, the photosynthetic capacity n 0 and internal carbon dioxide concentration may roughly follow the bold solid line in Figure 7 , while C i makes excursions to the left of this line during dry and excursions to the right during wet years. While vegetation grows, optimum internal carbon dioxide concentration decreases. Annual growth initially increases until the intersection of the bold and the dashed line is reached and then decreases again. This simple model explains why internal carbon dioxide concentration in pioneer vegetation is higher than in secondary vegetation and why pioneer vegetation has a more rapid growth but is less water efficient than secondary vegetation [e.g., Donovan and Ehleringer, 1994] . Let us further assume that photosynthetic capacity continues to increase until growth diminishes and vegetation reaches the climax biomass. If growth of photosynthetic capacity is limited by other resources than water, such as nutrients, then climax photosynthetic capacity is lower and internal carbon dioxide concentration higher than can be expected from Figure 7 . This suggests that the eventual value of C i at maximum biomass depends on which resource limits biomass: if it is water, then C i is lower than if it is another resource.
[53] This concept is an oversimplification, used only to illustrate the fact that the ecologic optimality hypothesis used in this study does not take into account physiologic limitations to the parameters. In reality, the way photosynthetic capacity and internal carbon dioxide concentration develop in time and respond to variations between years also depend on their plasticity. For example, as vegetation growths taller, the hydraulic conductance reduces for physiological reasons [Magnani et al., 2000] .
Discussion and Conclusions
[54] An analytical model was presented to predict optimum vegetation characteristics. This model was inspired by concepts which have been developed and published in recent years. The current model for the first time successfully combines calculations of optimum photosynthetic capacity and internal carbon dioxide concentration by using the concept of homeostatic water transport. The optimum parameters reflect a strategy to deal with two trade-offs: the trade-off between fast growth and avoidance of drought and between a high photosynthetic capacity and avoidance of high respiration losses.
[55] In order to present the concepts clearly, analytical equations were used. The simplicity of the model also has a disadvantage: although the parameters have a conceptually clear meaning, the translation to commonly used parameters is indirect. For example, the calculated hydraulic and surface conductance do not equal their equivalents at an hourly timescale. Appendix A illustrated the consequences for scaling the photosynthesis model from leaf to canopy level: the responses of photosynthesis to light and carbon dioxide concentration change when moving from leaf to canopy scale and when averaging over a day or longer.
[56] An example of a drawback of a simple model is the treatment of vapor pressure deficit as a constant. In principle, a relationship between transpiration and vapor pressure deficit can be incorporated in the model in a similar way as the relationship between soil moisture content and transpiration. A negative feedback between transpiration and vapor pressure deficit enhances growth in unstressed conditions and reduces it in stressed conditions. However, it is in general unclear what the relationship is and to what extent it is a local feedback. In this study, vapor pressure deficit was a parameter for consistent differences in humidity between sites.
[57] The description of respiration by the model may need further attention in future studies. Compared to photosynthesis, respiration is modelled in a rather simple way. Although it is common practice to scale respiration with leaf nitrogen content or photosynthetic capacity , it is unlikely that the ratio of respiration to photosynthetic capacity is uniform in space. Moreover, it is unclear how much of the respired carbon is recycled. The model is sensitive to parameters m d and m n and may thus benefit from future improvements in the understanding of respiration.
[58] In the transport equations, it was assumed that water and carbon dioxide travel the same path. In reality, carbon dioxide is transported further into the mesophyll where the Calvin cycle takes place. In the model it is assumed that mesophyll conductance is infinite. One can model the effect of mesophyll conductance by introducing a correction factor for the ratio of mesophyll to stomatal conductance. A variable mesophyll conductance could play a role [Warren and Adams, 2006] , but this is most likely a very minor effect that is ignored here for simplicity.
[59] This study is a first attempt to describe both the productivity and water use efficiency of vegetation from climatic constraints. Vegetation parameters are the result of a vast number of processes and nonlinear interactions. Parameter values are not only constrained by the history of availability of resources but also by an often unknown history of incidents such as fires or diseases. It is attractive to use an optimality hypothesis because it is intuitively plausible and mathematically easy to apply and has successfully been applied in many ecohydrological studies [Field, 1983; Hirose and Werger, 1987; Makela et al., 1996] . One should keep in mind that the theory described in this paper sets general boundary conditions for growth, and does not consider other limitations that occur locally.
Appendix A: Upscaling of the Leaf Photosynthesis Model to Canopy Level
[60] Photosynthesis of vegetation of the C3 photosynthetic pathway is either light or enzyme limited. The equations for both cases can be described as:
where A c and A j are canopy photosynthesis in the enzyme and light limited case, respectively. In a canopy, part of the leaves will be light limited and part light enzyme limited. The proportions of light saturated and light limited leaves change with time. Effective photosynthesis of a canopy can be described as:
where p is the probability of irradiance on a leave to have a certain value, and I sat is the intensity of irradiance above which photosynthesis is light saturated. Figure A1 illustrates that the value of I sat is a function of C i . Using equations (A1) and (A2), equation (A3) can be rewritten as:
Parameter e takes a value between 0 and 1:
[61] Owing to the fact that g > g j , the term C i þg C i þg j decreases with increasing C i , and I sat increases with increasing C i . As a result, e decreases with increasing C i . However, in the range of natural values of C i between 0.5 and 0.8, the sensitivity of e to C i is only small. As a first approximation, a constant value for e can be used.
[62] Finally, we define an effective photosynthetic capacity at canopy scale as:
For vegetation of the C4 photosynthetic pathway, the equations are different, but the result at canopy scale can be written in the same form, albeit with different parameter values. Photosynthesis is the minimum of electron limited (A j ), enzyme limited (A j ), and carbon dioxide limited photosynthesis (A s ). They can be written as [Collatz et al., 1992; Sellers et al., 1996] : [63] Equation (A8) can be used as the equivalent of the hyperbolic equation for A c of the C3 model. A j does not Figure A1 . Schematic view of light response curves of assimilation (assimilation A versus irradiance I) at low and high internal carbon dioxide concentration C i , and the corresponding lowest light levels at which assimilation of light saturated (I sat ). depend on carbon dioxide or oxygen concentration due to the absence of photorespiration. Following the same reasoning as for C3 vegetation, we can again derive equation (A4) but using G* = 0, g j = 0, and g = 2 Á 10 4 n c /p % 55 ppm.
